We tested the involvement of protein tyrosine kinase and Gprotein transducing pathways in the formation of diacylglycerol (DAG) during exocytosis in mouse spermatozoa. In capacitated spermatozoa, stimulation with solubilized zona pellucida (ZP) or progesterone led to the formation of DAG and to exocytosis of the acrosomal granule. Stimulation of DAG formation and exocytosis by ZP were inhibited in a concentration-dependent fashion by pre-exposure to tyrphostin A48, a protein tyrosine kinase inhibitor. These ZP-induced responses were also reduced in a concentration-dependent manner by prior incubation with pertussis toxin, a G-protein (G i class) inhibitor. On the other hand, generation of DAG and exocytosis triggered by progesterone were inhibited if spermatozoa were preincubated with different concentrations of tyrphostin A48, but were not affected
INTRODUCTION
During interaction with the oocyte, spermatozoa are stimulated to undergo exocytosis of the acrosome, a process essential for fertilization [1] . Two main agonists of exocytosis have been identified in the oocyte vestments, progesterone [2] , which is trapped in the matrix of the cumulus oophorus and\or could be produced by cumulus cells [3] , and the zona pellucida (ZP) glycoprotein ZP3 [4, 5] . Both agonists interact during initiation of exocytosis, with progesterone priming spermatozoa to respond to ZP action [6] .
At least three receptor candidates for ZP3 appear to exist in mouse spermatozoa. One is a 56 kDa plasma-membrane protein capable of binding ZP [7, 8] but with no known coupling to signal-transduction mechanisms. A second one, termed ZRK, is a 95 kDa protein with intrinsic tyrosine kinase activity [9] [10] [11] . The third is inferred from the finding that ZP activates Gproteins of the G i class [12, 13] , and that the ZP3 receptor-G iprotein ' complex ' is extractable from plasma membranes and remains intact and responsive after solubilization [14] . It is interesting that none of the receptor candidates seem to have all the properties of a ZP3 receptor [15] . It is possible, therefore, that multiple surface proteins are involved in the interaction with ZP3 and that their aggregation may result in a functional complex leading to the activation of transducing processes [15] .
Progesterone, on the other hand, acts on another series of receptors. It can act on a γ-aminobutyric acid (GABA) type A Abbreviations used : DAG, diacylglycerol ; PIC, phosphoinositidase C ; PTX, pertussis toxin ; ZP, zona pellucida ; GABA, γ-aminobutyric acid ; GABA A , GABA type A ; ZRK, zona receptor kinase.
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by pre-exposure to pertussis toxin. Progesterone acts on at least two novel surface receptors, one being a γ-aminobutyric acid (GABA) type A (GABA A )-like receptor. Transducing mechanisms coupled to this receptor were tested directly by stimulating spermatozoa with GABA. Treatment of capacitated spermatozoa with GABA resulted in DAG formation and exocytosis. These responses were not seen when cells were preincubated with tyrphostin A48. Pertussis toxin, however, did not affect the generation of DAG and exocytosis triggered by GABA, in agreement with results obtained using progesterone. Taken together, these results indicate that DAG formation during acrosomal exocytosis is differentially regulated by transducing pathways activated by oocyte-associated agonists.
(GABA A )-like receptor with Cl − channel activity [6, 16, 17] , an action that is mimicked by GABA and muscimol [6, 17] . Progesterone may also act on another, less-defined, receptor directly involved in, or linked to, Ca# + influx via Ca# + channels [17, 18] . In addition, there could be a third type of receptor with either intrinsic or coupled tyrosine kinase activity, because stimulation with progesterone results in tyrosine phosphorylation of an " 95 kDa membrane protein [19, 20] . Progesterone action, however, does not appear to activate G i -proteins [21] , although this finding has been questioned [22] . Both ZP and progesterone stimulate hydrolysis of the polyphosphoinositides and phosphatidylcholine and the generation of diacylglycerol (DAG) [6] . Mechanisms responsible for DAG generation in spermatozoa are the activation of phosphoinositide-specific phosphoinositidase C (PIC) [6, [23] [24] [25] and phosphatidylcholine-phospholipase C [6, 26, 27] , with DAG generated by the former stimulating the activity of the latter enzyme [26] . Thus, in spermatozoa, measurements of DAG mass generation constitute an indication of the activities of both enzymes [26] . The phospholipase D-phosphatidate phosphohydrolase pathway does not seem to contribute to the generation of DAG in mammalian spermatozoa [6, 27, 28] .
Stimulation with ZP or progesterone also leads to Ca# + influx [29] [30] [31] . Early studies in which spermatozoa were stimulated with the Ca# + ionophore A23187 have revealed that phosphoinositide-and phosphatidylcholine-derived DAGs are generated after Ca# + entry [23, 26] . Recent work has shown that DAG is indeed formed after Ca# + entry via channels : the Ca# + channel agonist BayK 8644 elicited DAG formation, and both ZP-and progesterone-induced generation of DAG were inhibited by a Ca# + -channel blocker [6] . During exocytosis, DAG has a central role in the sequence leading to membrane fusion ; DAG's major role relates to the activation of phospholipase A # [32] , with an ensuing generation of fatty acids and lysolipids important for membrane fusion [33] .
Although it is now clear that an elevation of intracellular Ca# + is necessary for the activation of both PIC and phospholipase C, and the generation of DAG, it is not known whether transducing mechanisms such as G-proteins or tyrosine kinase, stimulated either by ZP or progesterone, are important for DAG formation. Furthermore, no links have been established between mechanisms activated upon receptor occupancy leading to Ca# + entry, and processes activated by the rise in intracellular Ca# + . We have therefore attempted to establish whether activation of G-proteins and protein tyrosine kinase are important transducing pathways for the generation of DAG and exocytosis stimulated by ZP and progesterone.
We report here that, in mouse spermatozoa, ZP-stimulated generation of DAG and subsequent exocytosis involves activation of both G-proteins and protein tyrosine kinase, whereas progesterone stimulation of DAG generation and exocytosis involves activation of tyrosine kinase but not of G-proteins. Stimulation with GABA (to probe progesterone action on the GABA A -like receptor) led to responses that resembled those of progesterone, i.e. DAG generation and acrosomal exocytosis. As for progesterone, GABA-evoked responses appeared to be mediated by tyrosine phosphorylation but not by G-proteins. The latter results represent, to the best of our knowledge, the first evidence suggesting that activation of GABA A receptors results in stimulation of a tyrosine kinase and DAG formation in a sequence leading to exocytosis.
MATERIALS AND METHODS

Reagents
Progesterone, GABA, chlorotetracycline, BSA (Fraction V) and 1,2-dioleoyl-sn-glycerol were purchased from Sigma Chemical Co. (Poole, Dorset, U.K.). Pertussis toxin (PTX) was from RBI (Natick, MA, U.S.A.). Tyrphostin A48 was from LC Laboratories (Nottingham, U.K.). Organic solvents were from BDH (Poole, Dorset, U.K.) or Fisons (Loughborough, Leics, U.K.). Hepes was from BDH. Percoll was obtained from Pharmacia Biosystems (Milton Keynes, U.K.). All other chemicals were of analytical grade and were purchased from Sigma or BDH.
Media
The medium used for incubation of spermatozoa (mT-B25) was a modified Tyrode's solution with 5.56 mM glucose and 4 mg\ml BSA [34] ; it was maintained in equilibrium with 5 % CO # in air (pH 7.4 at 37 mC ; measured osmolality : 295 mOsm\kg). A Hepesbuffered medium (mT-H) was also used ; it contained 20 mM Hepes in place of the NaHCO $ , and the concentration of NaCl was adjusted to give the same final osmolality [17] . The pH was adjusted to 7.4 with NaOH, and the medium was used under air.
Preparation of ZP
ZPs were collected and solubilized as described previously [10, 12] with some modifications [17] . Briefly, ovaries were obtained from outbred female mice (21-23 days old) of the TO strain and were homogenized in the HB buffer solution [35] . The homogenate was then loaded on to a two-step gradient of Percoll\HB buffer (10 % and 20 %, v\v), each with 0.2 % (w\v) poly(vinyl alcohol), and was centrifuged for 10 min at 800 g max at room temperature. The layer with ZPs was recovered and washed twice with HB buffer ; ZPs were stored at k80 mC until use. When required, ZPs were solubilized by heating at 60 mC for 1 h.
Preparation and treatment of spermatozoa
Spermatozoa were obtained from caudae epididymides and vasa deferentia of outbred TO male mice ( 40 g). To study acrosomal exocytosis, spermatozoa were incubated in microdrops of mT-B25 medium and were placed in culture dishes under liquid paraffin, for 1 h at 37 mC (gas phase : 5 % CO # in air) ; sperm concentrations were 3-7i10' cells\ml and motility was 75 %. Inhibitors (PTX or tyrphostin A48), or their solvents as controls, were added, and incubation was continued for 15 min under 5 % CO # in air. Agonists (ZP, progesterone or GABA) were then added, and the spermatozoa were incubated further for 15 min. During this period of incubation, sperm viability (as indicated by cell motility) did not change. At the end of incubations, cells were stained with chlorotetracycline [17, 36] and were examined under phase contrast and fluorescence, using for the latter an Hg excitation beam passed through a 405 nm filter and fluorescence emission using a DM 455 dichroic mirror (BV-2A filter ; Nikon, Tokyo, Japan). Spermatozoa were categorized into three groups according to their staining pattern : ' F ' pattern (uncapacitated, acrosome-intact), ' B ' pattern (capacitated, acrosome-intact) and ' AR ' pattern (cells that have undergone acrosomal exocytosis).
To study changes in sperm lipids, cells were incubated in mT-B25 medium in plastic tubes (30 mmi115 mm) for 1 h at 37 mC under 5 % CO # in air (sperm concentration " 1i10( cells\ml). They were then diluted 1 : 1 (v\v) with mT-H medium and centrifuged at 600 g max for 10 min at room temperature. The supernatant was removed, and the cells were resuspended in mT-H medium (concentration : " 5i10( cells\ml). Spermatozoa were then incubated with inhibitors, or their solvents as control, for 15 min at 37 mC under air, and were then stimulated with agonists, or their solvents as control, for 2.5 min at 37 mC under air.
Lipid analysis
To quantify DAG mass, reactions were stopped by adding chloroform\methanol (1 : 2, v\v) 2.5 min after stimulation, and lipids were then extracted according to Bligh and Dyer [37] . Neutral lipids were separated by TLC on Silica Gel 60-coated glass plates (0.25 mm thickness) (article 5715 ; E. Merck, Darmstadt, Germany) in the solvent system chloroform\ methanol\acetic acid (98 : 2 : 1, by vol.) [26, 38] . 1,2-Diacylglycerol was quantified by Coomassie Blue staining [39] and densitometry, using 1,2-dioleoyl-sn-glycerol to construct standard curves for each plate [40, 41] . The plates were scanned with a Chromoscan
RESULTS
Effects of tyrphostin A48 or PTX on ZP stimulation
Mouse spermatozoa capacitated in mT-B25 for 1 h, washed, resuspended in mT-H medium and stimulated with ZP (1 ZP\µl) for 2.5 min experienced a considerable formation of DAG, as evidenced by a rise in total DAG mass (Figures 1a and 2a) . When spermatozoa were similarly capacitated and then stimulated with ZP for 15 min, they underwent acrosomal exocytosis, as revealed by the increase in the proportion of cells exhibiting an ' AR ' pattern (Figures 1b and 2b) . In order to investigate the possible involvement of tyrosine kinase and G-proteins in the pathways leading to DAG formation and subsequent exocytosis, spermatozoa were preincubated with tyrphostin A48, a tyrosine kinase inhibitor, or PTX, a G i -protein inhibitor, for 15 min before stimulation with ZP. Spermatozoa that were capacitated, washed, resuspended in mT-H and were then preincubated with tyrphostin A48 before exposure to ZP for 2.5 min experienced a concentration-dependent inhibition of DAG formation ( Figure  1a) . Preincubation with different concentrations of tyrphostin A48 also resulted in a concentration-dependent inhibition of ZPstimulated exocytosis (Figure 1b) .
Likewise, preincubation with PTX caused a concentrationdependent inhibition of DAG formation upon stimulation with ZP ( Figure 2a) ; preincubation with PTX also blocked, in a concentration-dependent manner, acrosomal exocytosis triggered by ZP (Figure 2b ).
Figure 1 Effect of tyrphostin A48 on DAG formation and exocytosis induced by ZP
(a) Spermatozoa were capacitated in mT-B25 medium for 1 h, washed, resuspended in mT-H medium and exposed to tyrphostin A48 for 15 min before treatment with ZPs or their solvents as control. Lipids were extracted 2.5 min after treatment, resolved by TLC in the solvent system chloroform/methanol/acetic acid, and quantified by densitometry after Coomassie Blue staining. Results (meanspS.E.M.) are from at least three experiments. *Different from control (P 0.03) ; †different from agonist alone (P 0.02). (b) Spermatozoa were capacitated in mT-B25 medium for 1 h and were exposed to A48 for 15 min before treatment with ZP or solvent control. Cells were stained 15 min after treatment using the CTC staining assay and were examined for exocytosis (% ' AR ' pattern). Results (meanspS.E.M.) are from at least three experiments. *Different from control (P 0.004) ; †different from agonist alone (P 0.007).
Figure 2 Effect of PTX on DAG formation and exocytosis induced by ZP
(a) Spermatozoa were capacitated in mT-B25 medium for 1 h, washed, resuspended in mT-H medium and exposed to PTX for 15 min before treatment with ZPs or their solvents as control. Lipids were extracted 2.5 min after treatment, resolved by TLC in the solvent system chloroform/methanol/acetic acid, and quantified by densitometry after Coomassie Blue staining. Results (meanspS.E.M.) are from at least three experiments. *Different from control (P 0.03) ; †different from agonist alone (P 0.03). (b) Spermatozoa were capacitated in mT-B25 medium for 1 h and were exposed to PTX for 15 min before treatment with ZP or solvent control. Cells were stained 15 min after treatment using the CTC staining assay and were examined for exocytosis (% ' AR ' pattern). Results (meanspS.E.M.) are from at least three experiments. *Different from control (P 0.002) ; †different from agonist alone (P 0.04).
Neither tyrphostin A48 nor PTX alone caused DAG formation or exocytosis (Figures 1 and 2) . Furthermore, they did not affect cell viability (as indicated by cell motility) or integrity (results not shown). These results suggest that receptors for ZP may contain or be coupled to tyrosine kinase and G i -proteins important for DAG formation.
Effects of tyrphostin A48 or PTX on progesterone stimulation
Spermatozoa capacitated in mT-B25, washed, resuspended in mT-H and challenged with progesterone (15 µM) for 2.5 min showed an elevation of DAG levels (Figures 3a and 4a) . If spermatozoa were similarly capacitated and stimulated with progesterone, an increase in the proportion of cells exhibiting an ' AR ' pattern indicative of exocytosis was seen 15 min after stimulation (Figures 3b and 4b) . We tested the possibility that progesterone-stimulated DAG formation may take place via activation of a protein tyrosine kinase. When capacitated spermatozoa were preincubated with tyrphostin A48 and then stimulated with progesterone for 2.5 min, DAG formation was inhibited in a concentration-dependent manner (Figure 3a) . Similarly, exocytosis was inhibited if capacitated spermatozoa were preincubated with different concentrations of tyrphostin A48 before progesterone stimulation (Figure 3b) .
On the other hand, preincubation with various concentrations of the G i -protein inhibitor PTX did not affect either DAG
Figure 3 Effect of tyrphostin A48 on DAG formation and exocytosis induced by progesterone (P)
(a) Spermatozoa were capacitated in mT-B25 medium for 1 h, washed, resuspended in mT-H medium and exposed to tyrphostin A48 for 15 min before treatment with progesterone or its solvent as control. Lipids were extracted 2.5 min after treatment, resolved by TLC in the solvent system chloroform/methanol/acetic acid, and quantified by densitometry after Coomassie Blue staining. Results (meanspS.E.M.) are from at least three experiments. *Different from control (P 0.04) ; †different from agonist alone (P 0.04). (b) Spermatozoa were capacitated in mT-B25 medium for 1 h and were exposed to tyrphostin A48 for 15 min before treatment with progesterone or solvent control. Cells were stained 15 min after treatment with the CTC staining assay and were examined for exocytosis (% ' AR ' pattern). Results (meanspS.E.M.) are from at least three experiments. *Different from control (P 0.01) ; †different from agonist alone (P 0.02).
formation (Figure 4a ) or exocytosis (Figure 4b ) triggered by progesterone, although these same concentrations inhibited responses elicited by ZP. These results strongly suggest that progesterone receptors may be coupled to tyrosine kinase activation but not to G i -proteins.
Activation of GABA A receptors
Progesterone action on spermatozoa appears to be related, at least in part, to the activation of a GABA A receptor-Cl − -channel complex [6, 16, 17] . In addition to this type of receptor, there seems to be another type of progesterone receptor that appears to be linked directly to Ca# + channels [17, 18] . It is difficult therefore to distinguish whether tyrosine kinase activity (and the pathway leading to DAG formation) is linked to the GABA A receptor or to another type of receptor. Since GABA would mimic the action of progesterone on the GABA A receptor-Cl − -channel complex, we have used this agonist to examine in more detail the potential coupling of this receptor to tyrosine kinase activation, and to confirm the lack of involvement of G i -proteins. We thus examined whether GABA actions were affected by tyrosine kinase or G i -protein inhibitors.
Stimulation of capacitated spermatozoa with GABA (0.5 µM) resulted in DAG formation (Figures 5a and 6a ) and exocytosis (Figures 5b and 6b) . Preincubation with tyrphostin A48 before exposure to GABA resulted in a concentration-dependent inhibition of both DAG formation (Figure 5a ) and exocytosis
Figure 4 Effect of PTX on DAG formation and exocytosis induced by progesterone (P)
(a) Spermatozoa were capacitated in mT-B25 medium for 1 h, washed, resuspended in mT-H medium and exposed to PTX for 15 min before treatment with progesterone or its solvent as control. Lipids were extracted 2.5 min after treatment, resolved by TLC in the solvent system chloroform/methanol/acetic acid, and quantified by densitometry after Coomassie Blue staining. Results (meanspS.E.M.) are from at least three experiments. *Different from control (P 0.05). (b) Spermatozoa were capacitated in mT-B25 medium for 1 h and were exposed to PTX for 15 min before treatment with progesterone or solvent control. Cells were stained 15 min after treatment with the CTC staining assay and were examined for exocytosis (% ' AR ' pattern). Results (meanspS.E.M.) are from at least three experiments. *Different from control (P 0.003).
( Figure 5b ), in agreement with results seen when spermatozoa were stimulated with progesterone. On the other hand, preincubation with different concentrations of PTX did not affect either DAG formation (Figure 6a ) or acrosomal exocytosis (Figure 6b ) in response to GABA, again, in agreement with the results obtained when cells were stimulated with progesterone. These data, therefore, suggest very strongly that the sperm GABA A receptor-Cl − -channel complex may be coupled in some way to protein tyrosine kinase activation in the sequence leading to DAG formation and subsequent exocytosis. No indication for G i -protein coupling to this receptor was found.
DISCUSSION
The results presented here demonstrate that DAG formation and subsequent exocytosis in mouse spermatozoa are regulated in a different manner by ZP-and progesterone-activated signaltransduction pathways. The ZP-induced DAG formation and exocytosis are transduced by both tyrosine kinase and G-proteins (G i class), perhaps coupled to different ZP receptors, whereas progesterone action leading to DAG formation and exocytosis is transduced only via tyrosine kinase. The progesterone receptor likely to be coupled to tyrosine kinase activity is the GABA A -like receptor.
Of the several sperm membrane proteins binding to the ZP glycoprotein ZP3 and, hence, proposed as ZP3 receptors, one has intrinsic protein tyrosine kinase activity, the 95 kDa zona receptor kinase (ZRK) [9] [10] [11] . Stimulation with ZP3, or ZP, leads
Figure 5 Effect of tyrphostin A48 on DAG formation and exocytosis induced by GABA
(a) Spermatozoa were capacitated in mT-B25 medium for 1 h, washed, resuspended in mT-H medium and exposed to tyrphostin A48 for 15 min before treatment with GABA or its solvent as control. Lipids were extracted 2.5 min after treatment, resolved by TLC in the solvent system chloroform/methanol/acetic acid, and quantified by densitometry after Coomassie Blue staining. Results (meanspS.E.M.) are from at least three experiments. *Different from control (P 0.05) ; †different from agonist alone (P 0.05). (b) Spermatozoa were capacitated in mT-B25 medium for 1 h and were exposed to A48 for 15 min before treatment with GABA or solvent control. Cells were stained 15 min after treatment with the CTC staining assay and were examined for exocytosis (% ' AR ' pattern). Results (meanspS.E.M.) are from at least three experiments. *Different from control (P 0.005) ; †different from agonist alone (P 0.02).
to (auto)phosphorylation of ZRK on tyrosine residues, and to exocytosis of the acrosome [10] . Evidence that this tyrosine kinase activity is important for sperm function stems from the finding that a tyrosine kinase inhibitor blocks both phosphorylation of the 95 kDa ZRK and exocytosis [10] . Our results suggest that activation of tyrosine kinase leads to generation of DAG and that this event is important for exocytosis, because inhibition with a tyrosine kinase inhibitor results in a considerable reduction in both responses.
Exocytosis in response to ZP (ZP3) also involves activation of G-proteins (G i class) in mouse spermatozoa : stimulation with ZP leads to activation of G i" and G i# [12, 13] . PTX, which causes ADP-ribosylation of the α subunits, prevents activation of G iproteins and acrosomal exocytosis [13, 42] . This suggests that G iproteins play a fundamental role in signal transduction leading to exocytosis in spermatozoa. We found that ZP-stimulated formation of DAG, an event essential for exocytosis, was blocked by prior exposure to PTX, which is in agreement with this idea.
Our data, therefore, indicate that ZP actions leading to DAG generation are transduced by two pathways : tyrosine kinase and G i -proteins. It has been hypothesized that G i -proteins could be coupled to a receptor that is different from ZRK [14] , and the search for this receptor is now under way [15] . However, it has been recognized that G-proteins may be involved in the modulation of receptors with intrinsic tyrosine kinase activity [43, 44] . Additional work is needed to clarify whether ZP-triggered DAG formation takes place upon occupancy of just one receptor,
Figure 6 Effect of PTX on DAG formation and exocytosis induced by GABA
(a) Spermatozoa were capacitated in mT-B25 medium for 1 h, washed, resuspended in mT-H medium and exposed to PTX for 15 min before treatment with GABA or its solvent as control. Lipids were extracted 2.5 min after treatment, resolved by TLC in the solvent system chloroform/methanol/acetic acid, and quantified by densitometry after Coomassie Blue staining. Results (meanspS.E.M.) are from at least three experiments. *Different from control (P 0.05). (b) Spermatozoa were capacitated in mT-B25 medium for 1 h and were exposed to PTX for 15 min before treatment with GABA or solvent control. Cells were stained 15 min after treatment with the CTC staining assay and were examined for exocytosis (% ' AR ' pattern). Results (meanspS.E.M.) are from at least three experiments. *Different from control (P 0.002).
which is coupled to various transducing mechanisms, or to two receptors, each coupled to a different signal-transduction system.
Progesterone acts on spermatozoa via, at least, two surface receptors that are different from the classic intracellular genomic receptor (see the Introduction). Stimulation of capacitated human spermatozoa with progesterone results in a number of cell responses, with tyrosine phosphorylation of a " 95 kDa protein [19, 20] being a prominent one ; it is not known whether this protein is identical to the 95 kDa ZRK activated by ZP. Autophosphorylation of the " 95 kDa protein stimulated by progesterone appears to be essential for exocytosis, because treatment of human spermatozoa with tyrosine kinase inhibitors, which caused inhibition of the progesterone-induced phosphorylation [19, 20, 45] , also blocked acrosomal exocytosis [19, 20] . Our results indicate that this " 95 kDa protein with tyrosine kinase activity may transduce signals important for DAG formation, because exposure of mouse spermatozoa to a tyrosine kinase inhibitor blocked generation of DAG in reponse to progesterone. This response is likely to be important for cell function, because, in parallel samples similarly treated, no exocytosis took place.
Previous work has found that PTX did not inhibit exocytosis stimulated with progesterone in human spermatozoa [21] , and this has led to the suggestion that processes activated by this steroid do not involve G i -proteins. This finding has been questioned [22] , because no determination of the degree of ADPribosylation of sperm G-proteins was carried out in that study. We have found that preincubation of mouse spermatozoa with PTX did not inhibit progesterone-stimulated formation of DAG or exocytosis. Although we did not examine ADP-ribosylation, we analysed in parallel samples whether a similar preincubation with PTX affected ZP-triggered responses. Since PTX did inhibit responses elicited by ZP, we believe that the lack of effect of PTX on progesterone action is authentic. Thus our results support the idea that progesterone action is not mediated via G i -proteins. It is important to mention that spermatozoa contain G-proteins that are not PTX substrates (G z and G q ) [15] , but the functions of these proteins have not been examined. Other G-proteins commonly found in somatic cells (G s ) do not appear to be present in spermatozoa [22] . Thus although the lack of effect of PTX allows us to conclude that G i -proteins are not involved in transducing the actions of progesterone, the possibility that other G-proteins are involved could not be ruled out.
In many cells, activation of receptors coupled to G-proteins results in the activation of PIC-β, whereas activation of receptors with intrinsic tyrosine kinase activity leads to activation of PIC-γ [46] . Activation of these PICs results in the hydrolyisis of polyphosphoinositides and the formation of DAG. Although our results suggest that this could be the case in spermatozoa, with ZP activating both types of receptors, and progesterone only the latter, another possibility should be considered. Stimulation of spermatozoa with ZP or progesterone also leads to an elevation of intracellular Ca# + as a result of Ca# + influx from the extracellular space ; Ca# + influx appears to take place via Ca# + channels [24, 47, 48] . Interestingly, both tyrosine kinase and G iproteins may modulate channel opening when sperm cells are stimulated with ZP, because in mouse spermatozoa both a tyrphostin and PTX inhibit the Ca# + influx triggered by ZP [49] . This would be in agreement with the finding that, in somatic cells, Ca# + channels may be be modulated by G-proteins [50, 51] and tyrosine kinases [52, 53] . Since, in spermatozoa, activation of PIC and DAG formation takes place after a rise in intracellular Ca# + [6, 23] , it could be argued that the effects of PTX and tyrphostin we see on DAG formation are in fact due to the inhibition of Ca# + influx, rather than to the inhibition of the signal-transduction pathway activating PIC. The results we obtained when sperm cells were stimulated with ZP do not allow us to discriminate between these possibilities. However, the results obtained when sperm cells were stimulated with progesterone may shed some light on this issue.
Progesterone-triggered elevation of intracellular Ca# + in human spermatozoa [30, 31] is most likely due to entry via Ca# + channels [17, 27, 48] . The Ca# + rise seen is characterized by a rapid elevation (peak) followed by a plateau phase that, after a few minutes, returns to basal levels [2, 31] . This Ca# + influx does not appear to be modulated by tyrosine kinase, because a tyrosine kinase inhibitor did not affect the kinetics of the Ca# + rise when human spermatozoa were stimulated with progesterone [54] . Under slightly different conditions, tyrosine kinase inhibition did attenuate the plateau phase, although it did not affect the initial peak of Ca# + rise seen after progesterone [45] . These results would suggest that tyrosine kinase is not involved in mechanisms underlying the rapid entry of Ca# + into spermatozoa. Since our results clearly showed that a tyrosine kinase inhibitor blocked the generation of DAG triggered by progesterone, it is possible that PIC activation and DAG formation are directly coupled to tyrosine kinase activation in response to this steroid. These results also suggest that Ca# + may be essential, but not sufficient, to drive the sequence leading to membrane fusion when cells are stimulated by natural agonists of exocytosis. Furthermore, if the " 95 kDa protein that (auto)phosphorylates in response to progesterone is directly involved in the generation of DAG, it would be interesting to determine if it is identical to ZRK, and to find out if this is a point of cross-talk between pathways activated by ZP and progesterone.
As discussed above, it is not clear how many sperm receptors are targeted by progesterone. Current evidence indicates that there may be, at least, two surface receptors [6, 18] . One of these appears to be a GABA A -like receptor [6, 16, 17] , because progesterone effects (including DAG formation) are mimicked by GABA and muscimol, and are blocked by bicuculline, a GABA Areceptor antagonist [6, 17] . It is therefore important that DAG formation and exocytosis triggered by GABA in mouse spermatozoa was inhibited by a tyrosine kinase inhibitor, as found in this study. This suggests that the GABA A receptor may be coupled to a tyrosine kinase or, conversely, that the activity of the receptor could be modulated by tyrosine phosphorylation. It has been reported that the GABA A receptor itself may be tyrosine phosphorylated when stimulated with GABA, and that this would serve to enhance or maintain the activity of the receptor [55, 56] . One explanation for our findings is, therefore, that tyrosine phosphorylation could modulate the sperm GABA A receptor, as it does in other cell systems. It is not known how tyrosine kinase is activated after stimulation with GABA, but, if the GABA A receptor is modulated by phosphorylation, it is possible that tyrosine kinase activation may precede, or take place in parallel to, the activation of the receptor. Another possibility is that mechanisms set in train by the activation of the sperm GABA A receptor lead to tyrosine phosphorylation of a substrate important for downstream processes, such as the activation of a PIC and formation of DAG. In any case, our results, to the best of our knowledge, constitute the first evidence suggesting tyrosine phosphorylation during GABA A -receptor activation and DAG formation in a sequence leading to exocytosis.
In conclusion, our study has found that ZP and progesterone actions on spermatozoa are transduced in a different manner. Both G i -proteins and tyrosine kinase are involved in ZP-induced DAG formation and exocytosis, whereas progesterone-induced responses are mediated solely by tyrosine kinase. Ca# + is intricately related to the activation of mechanisms leading to DAG formation but, although necessary, may not be sufficient for DAG formation. Our results also strengthened the idea that DAG formation plays an essential role during the exocytosis of the sperm acrosome.
